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ABSTRACT: Pt(bph)(bpy) and Pt(bph)(phen), where bph
is the 2,2'-biphenyl dianion, bpy is 2,2'-bipyridine, and phen is
1,10-phenanthroline, crystallize in the space groups I4,/a and
P2, /¢, respectively, in two different configurations as X-shaped
and bowed (B). The distance between Pt centers is 3.5 A
indicative of 7—x stacking. The complexes are optically active,
absorb light at 440 nm, and emit in the solid state at room
temperature and in the solid glass phase at 77 K. The emission
maxima for both in the glass occur near 581 nm but are red-
shifted to ~700 nm in the solid state. Both complexes exhibit
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solvatochromism in nitrile-based solvents with the Pt(bph)(phen) complex showing greater excited state dipole character
compared to the Pt(bph)(bpy) derivative. Frontier orbitals for the HOMO determined by DFT calculations contain electronic
contributions from the biphenyl ligand and the platinum center. The LUMO orbitals primarily reside on the diimine ligands.
TDDFT calculations indicate the low-energy transitions occur from the metal/bph combination to the diimine ligand.

B INTRODUCTION

Square planar platinum(II) complexes containing bidentate
biphenyl chelating ligands are attractive emitters' > with
promising applications in optoelectronic devices,* chemo-
sensory materials, and catalysis.’ The complexes display rich
emission properties both in solution' ™ and in the solid state.”
In dilute solution, emission was assigned either to a SLC or a
SMLCT state,”>° but in more concentrated solution
aggregation gave rise to different emission maxima.” The
platinum(II) biphenyl dicarbonyl complex was also found to
undergo 7—7 stacking in the solid state resulting in electronic
interactions associated with Pt---Pt orbital overlap.® The
Pt(bph)(bpy) complex' was reported in the past while, to
our knowledge, the Pt(bph)(phen) derivative was not. The
absorption spectrum showed a broad peak located at 429 nm (&
= 5700 M™' cm™") plus additional bands related to intraligand
transitions at higher energy. An emission maximum was
observed at 581 nm with an emission lifetime of 1.1 us at 77
K in a butyronitrile glass upon excitation at 355 nm. The low-
energy absorption band was also reported to be solvent
dependent.”

This paper describes our goal of obtaining a better
understanding of the electronic structures and photophysical
properties of Pt(bph)(bpy) and Pt(bph)(phen), where bph is
the 2,2'-biphenyl dianion, bpy is 2,2-bipyridine, and phen is
1,10-phenanthroline. A modified synthetic procedure for the
synthesis of Pt(bph)(bpy) and Pt(bph)(phen) is given, and
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their single X-ray structures and spectroscopic and lumines-
cence properties are described. The strong field dianionic bph
ligand is expected to drive up the energy of the d—d state on
the metal center enhancing emission and to have higher #*
energy levels than the diimine ligands. Consequently, the
LUMO is expected to reside on the diimine ligands, which can
be verified by DFT and TDDFT calculations.

B EXPERIMENTAL SECTION

General Procedures and Chemicals. All syntheses were
performed under a dry and oxygen-free nitrogen atmosphere, using
standard Schlenk-ware techniques. Anhydrous diethyl ether (99.7%)
and anhydrous tetrahydrofuran, THF (99.9%), were used as received
from Aldrich. The other solvents, methylene chloride, hexanes,
butyronitrile, propionitrile, valeronitrile, and acetonitrile, were used
without further purification. Potassium tetrachloroplatinate(II) was
purchased from Alfa Aesar. The ligand 2,2'-dipyridyl was purchased
from ACROS and 1,10-phenanthroline monohydrate was purchased
from GFS. Diethyl sulfide and n-butyl lithium were purchased from
Aldrich. 2,2’-Dibromobiphenyl,'® 2,2’-dilithiobiphenyl," and
[PtCL,((C,Hs),S),]"* were prepared according to published proce-
dures. [Pt(bph)(SEt,)], was prepared by a modification of the one
published procedure.”

Preparation of [Pt(bph)(SEt),],. As shown in Figure la, the
compound was prepared via two parallel steps. First, the biphenyl
dianion was prepared in Schlenk-ware consisting of a round-bottomed
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Figure 1. Preparation of (a) [Pt(bph)(SEt,)], (b) Pt(bph)(bpy), and (c) Pt(bph)(phen).

flask connected by a T-tube to a dropping funnel. A serum cap was
wired into place on the top of the T-tube containing 840 mg of 2,2’
dibromobiphenyl (2.6 mmol) and a magnetic stirring bar. Then the
apparatus was evacuated three times and refilled with dry N, each
time. Then 40 mL of dry ether was cannulated into the flask. The
temperature of the contents in the flask was lowered to —70 °C with a
dry ice/isopropanol bath. Then 2.1 mL of n-butyl lithium solution (2.5
M; 5.2 mmol) was added dropwise, using a gastight syringe over a 2 h
period. The solution containing the biphenyl dianion was then allowed
to warm to 0 °C for 2 h and then was transferred to a dropping funnel
that was connected to the T-tube.

For the second step, a second round-bottomed flask containing 1.2
g of Pt((C,H;),S),Cl, (2.6 mmol) and a magnetic stirring bar was
fitted with a serum cap on top. The flask was evacuated three times
and refilled with dry N, each time. Then about 40 mL of dry ether was
cannulated into the flask. Then the dropping funnel from step one and
the flask were rapidly connected, the system was flushed with N,,
partially evacuated (to not evaporate too much ether) two to three
times, and refilled with dry N, each time. The contents of the flask
were cooled in an ethylene glycol—dry ice bath (—30 to —40 °C) and
the contents of the dropping funnel were added over a 2 h period. The
orange-brown solution was stirred overnight and allowed to warm to
room temperature. The next day the solution gave a darker coloration.
The suspension was vacuum filtered and the dark yellow solid crude
product was collected (~1.20 g) while the filtrate was discarded. The
crude sample was then dissolved in a minimum amount of methylene
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chloride (DCM). Ether was then added dropwise into the DCM
solution until a yellow precipitate started forming. The volume was
reduced under the hood for 30 min. The mixture was then filtered and
0.57 g of fine yellow product was collected. Yield = 49%. One spot was
found by TLC for the compound; "H NMR (CDCl,): § 7.32 (dd, 2H,
J=7.5,1.3 Hz), 7.03 (ddd, 2 H, J = 7.3, 1.09 Hz), 6.98 (dd, 2H, ] =
7.4, 1.1 Hz), 6.88 (ddd, 2H, ] = 7.4, 1.4 Hz), 3.82 (q, 4H, ] = 7.4 Hz),
1.75 (t, 6H, ] = 7.4 Hz).

Preparation of Complexes. Pt(bph)(bpy). A solution was
prepared by dissolving 0.12 g (0.77 mmol) of 2,2'-dipyridyl and
0.30 g (0.34 mmol) of [Pt(bph)(C,H;),S], in 20 mL of methylene
chloride in a SO-mL round-bottomed flask (Figure 1b). The mixture
immediately changed from a yellow-orange to a dark red color. A stir
bar was added and the flask was attached to a condenser, placed on top
of a heating mantle, and set to reflux for 30 min. The solution had then
become an even darker blood-red color. The solution was then suction
filtered, which yielded minute amounts of red crystals on the filter
paper. The filtrate portion was covered with parafilm and placed in the
freezer overnight. After 8 h, fine red crystals of the compound had
formed. A 1 X 1 X 1 mm?® single crystal was handpicked and analyzed
by X-ray crystallography. The rest of the crystals (021 g) were
collected via vacuum filtration. Yield = 58%. Anal. Calcd for
CyH,N,Pt: C, 52.48; H, 320; N, 5.56. Found: C, 52.11; H, 3.09;
N, 5.44. IR (KBr pellet): 3044, 1599, 1445, 1424, 1065, 738, 699 cm™".
'H NMR (CDCL): 5 9.67 (d, 2H, J = 5.6 Hz), 8.18 (td, 2H, ] = 5.6,
1.6 Hz), 8.13 (dd, 2H, ] = 5.6, 1.6 Hz), 7.65 (td, 2H, ] = 5.6, 1.6 Hz),

dx.doi.org/10.1021/ic301393e | Inorg. Chem. 2013, 52, 596—607



Inorganic Chemistry

7.47 (dd, 2H, ] = 6.8, 2.0 Hz), 7.39 (dd, 2H, ] = 6.8, 2.0 Hz), 7.01 (td,
2H, ] = 6.8, 2.0 Hz), 6.97 (td, 2H, ] = 6.8, 2.0 Hz).

Pt(bph)(phen). A solution was prepared by dissolving 0.090 g (0.45
mmol) of 1,10-phenanthroline monohydrate and 0.20 g (0.22 mmol)
of [Pt(bph)(C,H;),S], in 20 mL of methylene chloride (Figure 1c).
The mixture immediately turned from yellow to a red-orange color. A
stir bar was added and the flask was attached to a condenser, placed on
top of a heating mantle, and set to reflux for approximately 1 h to
make certain that yellow starting materials were completely reacted.
After reflux, the mixture was allowed to cool to room temperature and
filtered. The filtrate was collected, transferred into a clean container,
and left in the freezer overnight. After approximately 8 h, dark red
crystals of Pt(bph)(phen) formed. In a similar fashion, a single crystal
was handpicked and examined by X-ray crystallography. The
remaining crystals were collected via vacuum filtration. Yield = 37%.
Anal. Caled for C,,H;(N,Pt: C, 54.65; H, 3.06; N, 5.31. Found: C,
54.45; H, 3.07; N, 5.27. IR (KBr pellet): 3041, 1653, 1581, 1426, 1419,
1021, 840, 743, 717 cm™". '"H NMR (CD,CL,): 6 9.93 (dd, 2H, J = 5.2,
1.2 Hz), 8.69 (dd, 2H, J = 8.0, 1.2 Hz), 8.02 (s, 2H), 8.00 (dd, 2H, ] =
8.0, 5.2 Hz), 7.55 (dd, 2H, ] = 6.8, 2.0 Hz), 7.34 (dd, 2H, ] = 6.8, 2.0
Hz), 6.97 (m, 4H, ] = 6.8, 2.0 Hz).

Instrumentation and Physical Measurements. UV—vis spectra
were obtained with an OLIS modernized Cary 14 spectrophotometer.
The IR spectra were acquired with a Nicolet Avatar 360 FT-IR
spectrophotometer. Proton NMR spectra were obtained with a Varian
Inova 400 FT-NMR spectrometer. Elemental (C, H, and N) analysis
was performed by MHW Laboratories. CD spectra were obtained with
a Jasco J-810 CD Spectrometer interfaced with a Jasco Spectral
Analysis software program compatible with Windows Operating
System. CD measurements were made in butyronitrile solutions
with absorbances near 0.8 (S cm cells). An EG&G PAR Model 263A
potentiostat/galvanostat was used to obtain the cyclic voltammograms.
The measurements were carried out in a typical H-cell with use of a
platinum disk working electrode, a platinum wire counter electrode,
and a Ag/AgCl reference electrode in acetonitrile. The supporting
electrolyte used was 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPF). Ferrocene was added as the reference.

Corrected emission spectra and emission lifetimes were collected
with a HoribaJobinYvon Nanolog spectrometer. Emission spectra and
emission lifetimes were obtained from 0.1 absorbing solutions in
butyronitrile at 77 K. The excitation wavelength was 440 nm for
obtaining emission spectra; a NanoLED-460 was the excitation source
for emission lifetime determinations. The emission curve fittings were
performed with the Origin Pro 8 program via nonlinear curve-fitting
modes.

Calculations. Calculations were effected by using Gaussian '03
(Rev. B. 03) for UNIX."”® The molecules were optimized by using
Becke’s three-parameter hybrid functional B3LYP'* with the local
term"® of Lee, Young, Parr and the nonlocal term'® of Vosko, Wilk,
and Nassiar. The basis set SDD'” was chosen for all atoms and
geometry optimizations were all ran in the gas phase. TDDFT'®
calculations were employed to produce a number of singlet excited
states'® in the gas phase based on the optimized geometry. Electronic
absorption spectra of the complexes were generated by using the
Gaussum 2.1.2%%!

B RESULTS

X-ray Crystallographic Data Collection. The crystals
were obtained by slow evaporation of the reaction mixture in
saturated methylene chloride. All crystals were affixed to a
nylon cryoloop with oil (Paratone-n, Exxon) and mounted in
the cold stream of a Bruker Kappa-Apex-II area-detector
diffractometer.>* The temperature was maintained at 100 K for
Pt(bph)((bpy)-CH,Cl, and at 150 K for Pt(bph)(phen) by
using a Cryostream 700EX Cooler (Oxford Cryosystems). The
unit cells were determined from the setting angles of 220
reflections for Pt(bph)(phen) and 276 reflections for Pt(bph)-
(bpy) collected in 36 frames of data. Data were measured with
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a redundancy of 15.6 for Pt(bph)(phen) and 9.16 for
Pt(bph)(bpy) with a CCD detector at a distance of 40 mm
for Pt(bph)(phen) and SO mm for Pt(bph)(bpy) from the
crystal with a combination of phi and omega scans. A scan
width of 0.3° for Pt(bph)(phen) and 0.5° for Pt(bph)(bpy)
and time of 10 s were employed along with graphite
monochromatic Molybdenum Ka radiation (4 = 0.71073 A)
that was collimated to a 0.3 mm diameter for Pt(bph)(phen)
and a 0.6 mm diameter for Pt(bph)(bpy). Data collection,
reduction, structure solution, and refinement were performed
with the Bruker Apex2 suite (v2.0—2).2 All available reflections
to 20, = 52° were harvested (47701 for Pt(bph)(phen) and
127144 for Pt(bph)(bpy), 3311 unique for Pt(bph)(phen) and
7121 unique for Pt(bph)(bpy)) and corrected for Lorentz and
polarization factors with Bruker SAINT (v6.45).2%" Reflec-
tions were then corrected for absorption (numerical correction,
W = 7414 mm™'), interframe scaling, and other systematic
errors with SADABS 2004/1 (combined transmission and
other correction factors min/max = 0.2692/0.4457 for
Pt(bph)(phen) and 0.3009/0.7994 for Pt(bph)(bpy)). The
structures were solved (direct methods) and refined (full-matrix
least-squares against F*) with the Bruker SHELXTL package
(v6.14—1).** All non-hydrogen atoms were refined with use of
anisotropic thermal parameters. All hydrogen atoms were
included at idealized positions; hydrogen atoms were not
refined. Pertinent crystal, data collection, and refinement
parameters are given in Table 1. (See Tables S1—S10 in the
Supporting Information for additional crystallographic data.)

X-ray Crystal Structure Determination and DFT
Optimization. Figure 2 shows the ORTEP**® structures
(single molecule and stacked) of Pt(bph)(bpy) and Pt(bph)-
(phen) determined by X-ray crystallography. Selected bond
distances and angles are given in Table 2 as well as values from
calculations. Pt—C and Pt—N bond lengths are between 1.99
and 2.01 A and 2.10 and 2.12 A, respectively, which are normal
compared to other similar complexes.***~2¢

The compound Pt(bph)(phen) sits on a general position in
the monoclinic space group P2,/c and Pt(bph)(bpy) in the
tetragonal space group I4,/a. Both complexes were stacked in
pairs in the solid state (Figure 2). The distances between
platinum—platinum centers are 3.507 A in Pt(bph)(bpy) and
3.387 A in Pt(bph)(phen), which corresponds to a Pt---Pt
distance associated with 7—x stacking in other platinum(II)
square-planar complexes.>***’~3*

To gain further insight, experimental data were correlated
with theoretical results. Geometry optimization was performed
by using density functional theory (DFT) and compared with
actual crystal structures. The calculated parameters agree with
the values determined from the X-ray structures.

Electronic Absorption Spectra. Figure 3 shows the
absorption spectra of Pt(bph)(bpy) in butyronitrile solution
and in the solid state (KBr pellet). Absorption and emission
data for both complexes are listed in Table 3. Extinction
coefficients of major transitions were determined from Beer’s
law studies, using five dilution points, and are listed in Table 3.
There are three bands located between 400 and 500 nm, 290—
350 nm, and <290 nm regions. The band centered near 440 nm
is broad; the intermediate absorption occurs on a shoulder of
the more intense absorption at highest energy. The absorption
spectrum of solid Pt(bph)(bpy) in KBr pellet is shown in
Figure 3b and is similar to the visible spectrum of the one in
solution. Ligand reduction potentials are also presented in
Table 3.
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Table 1. Crystal Data and Structure Refinement for
Pt(bph)(phen) and Pt(bph)(bpy)

complex

empirical formula
formula wt
temperature
wavelength
crystal system
space group

unit cell dimensions

volume

V4

caled density
absorption coeff
F(000)

crystal size
crystal habit
crystal color

6 range for data
collection

limiting indices
reflens collected/
unique

completeness to
6 = 26.00

refinement method

data/restraints/
parameters

refinement threshold
data > threshold
goodness-of-fit on P

final R indices [I >
20(D)]

R indices (all data)

largest diff peak and
hole

Pt(bph)(phen)
CyH 6N,Pty
527.48
150 K
071073 A
monoclinic
P2,/c
a=10.1828(6) A
b =13.9182(8) A
¢ =12.8693(7) A
a = 90°
B = 112.509(3)°
7 =90°
1684.97(17) A3
4
2.079 g/cm?®
8.338 mm™*

1008

0.24 X 0.18 X 0.16 mm®
block

lustrous dark purple
2.25° to 26.00°

-12<h<12

47701/3311 [R(int) =
0.0494]

100%

full-matrix least-squares
on P

3311/0/244

1> 26(I)
2986
1.059

Rl = 0.0156, wR2 =
0.0335

RI = 0.0193, wR2 =
0.0347

0.727 and —0.603 ¢~ A3

Pt(bph)(bpy)-CH,CL,
C,3H,sCL,N,Pt
588.38
100 K
071073 A
tetragonal
I4,/a
a = 38.6769(7) A
b = 38.6769(7) A
c=97217(4) A
a = 90°
B =90°
7 =90°
14542.7(7) A3
32
2.150 g/cm?®
8.025 mm™
9024
0.19 X 0.06 X 0.04 mm?>
prism
lustrous dark red
3.16° to 26.00°

—47 < h <47

127144/7121 [R(int) =
0.1030]

99.8%

full-matrix least-squares
on F

7121/12/451

1> 206(I)
5039
1.057

RI = 0.0552, wR2 =
0.1204

R1 = 0.0852, wR2 =
0.1301

2325 and —1.075 e~ A~

Solvatochromism. Results from solvent-dependence stud-

ies are presented in Table 4 where the absorption maxima are
expressed in wavenumbers (cm™'). Solvents used in the
experiment are all nitrile based with varying alkyl chain length.
Solvent dielectric constants and refractive indices are listed in
the second and third columns. Absorption maxima of the
MLLCT (Metal—Ligand-to-Ligand Charge Transfer) band in
both complexes are written in latter columns. Figure 4 shows
solvatochromic behavior of the MLLCT absorption energy for
the Pt(bph)(bpy) complex.

Circular Dichroism. CD spectra of both complexes in
butyronitrile as shown in Figure S are similar. Two spectral
features were observed, one in the visible region with peaks
near 425 nm and the other in the ultraviolet region of the
spectrum with peaks at ~215 nm. This feature of the complexes
is most likely structurally related.***¢

Emission Data. Figure 6 shows the emission spectrum of
Pt(bph)(bpy) in a butyronitrile glass at 77 K and the room
temperature emission spectrum of the complexes in the solid
state, which is red-shifted approximately 150 nm compared to
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the glassy matrix. Pt(bph)(bpy) has an emission wavelength,
Aemy centered at 578 nm. Pt(bph)(phen) also gave rise to low-
temperature emission in butyronitrile glass at 77 K with its
maximum located at ~580 nm. Vibronic structure was observed
for both complexes but is more defined for the phenanthroline
derivative. The emission lifetimes at 77 K were 0.95 ns for
Pt(bph)(bpy) and 3.61 ns for Pt(bph)(phen), respectively.

B DISCUSSION

Synthesis. Modification of the procedure for the synthesis
of [Pt(bph)(CH;CH,),S], gave a remarkable improvement in
product yield from 17% to 49% compared to earlier preparation
procedures™® reported. The temperature control and slow
warming process seems to be critical in this reaction. On
preparation of Pt(bph)(phen) and Pt(bph)(bpy), instead of
adding [Pt(bph)(CH;CH,),S], into melted bpy or phen as
reported by Cornioley-Deuschel and von Zelwesky,'* the
reaction was carried out in solution with methylene chloride as
the solvent.

Structures. The coordination sphere of the platinum center
in the solid state is not perfectly square planar for both
Pt(bph)(bpy) and Pt(bph)(phen). An edge view of the
Pt(bph)(bpy) complex shown in Figure 7 reveals that the
bph and bpy ligands cross one another giving rise to an X
configuration. Diffraction data indicate a cross-angle of 26° with
respect to the platinum metal center.

The ligands of Pt(bph)(phen) complex behave differently.
One finds that the rings of the bph ligand and those of the phen
ligand bow (B-configuration) with an angle of 22° with respect
to the platinum center resulting in a pseudobutterfly arrange-
ment. A 20° C—C—N-N torsion angle is found for the X shape
configuration, but only a 0.3° C—C—N—N torsion angle for the
B shape configuration.

The bow-shaped (B-configuration) behavior was exhibited by
Pt(bpy),(TCNQ);>® and Pt(bpy),(TCNQ),.>* The X-shaped
structure of Pt(bph)(bpy) is clearly shown in Figure 7. In a
similar fashion, the X-shaped structure has also been found in
other platinum and palladium complexes such as Pt(phen)Cl,*
and Pd(phen),(ClO,),.*” The angle of distortion from the axis
of planarity in the X-shaped Pt(bph)(bpy) is 26° and compared
to 24° for Pt(bpy),(NO;),-H,0.>® As noted in Figure 5, both
the B-form and X-form display chirality. This behavior is due to
its lack of symmetry and can be attributed to complexes
exhibiting the C; point group.*

Geometry optimizations have been conducted with DFT. In
the optimization process, different basis sets have been tried
including MP2/SDD,"7**~** MP2/LanL2DZ,***~* and
DFT/SDD'~2** in order to check which configuration gave
the minimum energy. According to the results, the X-form is
always the preferred configuration compared to the B form in
both Pt(bph)(bpy) and Pt(bph)(phen). The minimum
energies for the Pt(bph)(phen) X form were 2.79 X 107 eV
(MP2/SDD), 2.42 X 10~ eV (MP2/LanL2DZ), and 2.88 X
1073 eV (DFT/SDD), respectively; minimum energies for the
B form were 2.88 X 107> ¢V (MP2/SDD), 2.84 X 107° eV
(MP2/Lanl2DZ), and 3.59 X 107 eV (DFT/SDD),
respectively. Crystal packing may account for the observation
of the B form.

Population Analysis. Theoretical calculations are useful to
gain intuition about the electron density localization in both
occupied and unoccupied molecular orbitals. This helps one to
trace how electrons are tunneled within the different functional

groups of the complexes. Also, it is helpful in identifying the key

dx.doi.org/10.1021/ic301393e | Inorg. Chem. 2013, 52, 596—607



Inorganic Chemistry

(a)

(b)

Figure 2. ORTEPs at 50% thermal ellipsoid probability: (a) Pt(bph)(bpy) ; (b) Pt(bph)(phen).

Table 2. Selected Bond Lengths (A) and Angles (deg) for Pt(bph)(phen) and Pt(bph)(bpy)

Pt(bph)bpy X-ray caled Pt(bph)phen X-ray caled
bond length (&)
Pt—N1 2.101(8) 2.154 Pt—N1 2.121(2) 217
Pt—-N2 2.125(8) 2154 Pt—N2 2.123(2) 217
Pt—Cl1 1.993(9) 2.032 Pt—Cl1 1.996(3) 2.033
Pt—C2 2.021(10) 2.032 Pt—C2 2.003(3) 2.033
bond angle (deg)
C1-Pt—C2 80.2(4) 80.68 C1-Pt—C2 80.55(11) 80.1
N1-Pt—N2 76.6(3) 764 N1-Pt—N2 77.68(9) 76.7
C1-Pt-N1 102.5(3) 103.6 C1-Pt-N1 100.30(10) 101.5
C2—Pt—N2 104.1(3) 103.6 C2—-Pt—N2 101.38(10) 101.5
dihedral (deg)
Pt—C—C—bph* 176.35(5) 179 Pt—C—C-bph* 162.74(7) 160.4
Pt—N—N—bpy * 179.73(6) 1763 Pt—N—N—phen* 163.15(5) 168.7
C—C-N-N 20.20(3) 30 C—C—N-N 033(2) 0.004
Pt---Pt distance (A)
3.505(6) Pt---Pt distance (A) 3.387(4)

atoms associated in each molecular orbital. Here, localized
electron densities are presented in terms of percent orbital
distribution (Table S).

Pt(bph)(bpy). Figure 8 shows frontier molecular orbital
pictures of Pt(bph)(bpy) from HOMO-3 to LUMO+3. The
orbital distributions are listed in Table S while calculated singlet
energy state transitions are listed in Table 6. The HOMO is a 7
orbital derived from the bph ligand whereas the HOMO-S
orbital is a 7 orbital located on the bpy ligand. The HOMO-1,
HOMO-2, HOMO-3, and HOMO-4 orbitals are mainly
distributed on the platinum metal center and bph ligand. The
LUMO, LUMO+1, LUMO+2, and LUMO+3 are n* orbitals
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located on the bpy ligand. The LUMO+4 is a 7* orbital located
on bph and the LUMO+S is located entirely on the platinum
metal center.

Three dominant transitions are located at 17 884, 36493,
and 39 818 cm™". The one located at 17 884 cm™ is a metal—
ligand to ligand charge transfer, MLLCT, band associated with
a combination of platinum-biphenyl (ML) to bpy ligand charge
transfer (LCT) transition, HOMO-1 — LUMO (f = 0.0994).
The 36493 cm™" absorption is a MLLCT transition resulting
from an electronic transition from platinum-biphenyl to the bpy
ligand, HOMO-10 — LUMO (f = 0.2409). The 39 818 cm™!
transition is associated with an LC (7—7z*) transition located

dx.doi.org/10.1021/ic301393e | Inorg. Chem. 2013, 52, 596—607
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Figure 3. Solution and solid-state UV/visible absorption spectra of Pt(bph)(bpy): (a) in butyronitrile and (b) in KBr.
Table 3. Absorption, Emission, and Electrochemical Data for 0.25 4
Pt(bph)(bpy) and Pt(bph)(phen) |
Aws/nm (/M 'em™) at 0.20
ambient temperature® o —— Acetonitrile
o —— Propionitrile
lem/ E1/2red/V Vs 5 H
nm 7/ns ferrocene/ 'g 0.15 —_— Butyronl_tn_le
at 77 at 77  ferrocenium at 2 —— Valeronitrile
complexes IL MLCT K* K**  ambient temp® < J
Pe(bph) 226 440 578 095 —1.410 3 "
(bpy) (27 x 109 (5.6 x 10%) g o104
258 £
(2.6 x 10%) z
289 0.05 4
(1.7 x 10%)
Pt(bph) 221 447 580 361 —1.380
(phen) (52 x10%) (1.1 x 10% 0.00
258 ,
(34 x 10%) Wavelength (nm)
268
(32 x 109 Figure 4. Solvatochromism in MLLCT absorption band for
“Dried butyronitrile. 4, = 457 nm 0.1 M TBAPF, in dried Pt(bph) (bpy).
acetonitrile

Table 4. Solvent-Dependent Studies Data

Vpae (cm™!)
dielectric refractive Pt(bph) Pt(bph)
solvent constant (&) index () (bpy) (phen)
acetonitrile 37.5 1.3441 23364 23148
propionitrile 27.7 1.3655 23044 22778
butyronitrile 20.7 1.3840 22778 22371
valeronitrile 17.7 1.3970 22523 22173

on bph, HOMO-2 — LUMO+4 (f = 0.4029). There are some
other interesting transitions with weak oscillator strengths, e.g,,
a ligand to ligand charge transfer, LLCT (7—7x*), assigned as
bph — bpy at 20 035 cm ™, HOMO — LUMO+2 (f = 0.0444),
and a metal—ligand to ligand charge transfer, MLLCT, band
associated with Pt-bph — bpy at 24 155 cm™!, HOMO-1 —
LUMO+1 (f = 0.0477). (See Table S11 of the Supporting
Information for HOMO-10 through LUMO+10 data.)
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Pt(bph)(phen). Figure 8 shows pictures of orbitals for
Pt(bph)(phen) from HOMO-3 to LUMO+3. In a similar
fashion, percent orbital distributions in Pt(bph)(phen) are
listed in Table 5 and calculated singlet state energy transitions
are shown in Table 7. Theoretical results show that its frontier
orbitals are quite similar to those of Pt(bph)(bpy). The
HOMO and HOMO-3 are derived from bph 7 orbitals. The
HOMO-1, HOMO-2, and HOMO-4 orbitals are mainly
distributed on the platinum metal center and bph ligand. The
LUMO to LUMO+3 are 7* orbitals derived from the phen
ligand. The principal components of LUMO+4 are the 7*
orbitals from bph.

The predominant transitions are located at 18 595, 37 804,
and 39213 cm™' assigned as HOMO-1 — LUMO (f =
0.1365), HOMO-11 — LUMO+1 (f = 0.1156), and HOMO-
11 - LUMO (f = 0.1676), respectively. The low-energy
transition is a MLLCT band resulting from an electronic
transition from platinum-biphenyl to the phen ligand.

UV-Visible Spectra and Solvatochromism. Both Pt-
(bph)(bpy) and Pt(bph)(phen) complexes gave similar UV—

dx.doi.org/10.1021/ic301393e | Inorg. Chem. 2013, 52, 596—607
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Figure S. Circular dichroism spectra of Pt(bph)(bpy) and Pt(bph)(phen) in butyronitrile.

vis spectra. The possible assignments of the experimental bands
were based on computational assignments of the singlet excited
states and related reports of similar types of complexes.'”>’
The band at 440 nm was reported before for Pt(bph)(bpy) as
MLLCT." Although theoretical assignments resulted in mixing
between platinum and biphenyl (ie. HOMO-2), significant
electron density contribution from the platinum supports their
strong metallic character. The band at 258 nm is labeled as
ligand centered (LC). Figure 9 shows an overlay of the
experimental and calculated UV—visible absorption spectra of
Pt(bph)(bpy) and Pt(bph)(phen). The comparison of
experimental and theoretical absorption maxima are listed in
Table 8. Calculations were carried out in the gas phase and as
noted from Figure 9, the theoretical maxima are red-shifted
compared to the experimental ones. This is often observed
when comparisons between gas-phase calculated spectra and
experiment ones are made,** but allows one to make
meaningful transition assignments. The so-called MLLCT
band at 440 nm corresponds to an electronic density transition
from the Pt/bph to diimine ligand (bpy or phen), not from
platinum to bph. Both bpy and phen derivatives have lower
unoccupied orbital energies compared to bph and in agreement
with Pt(bpy)(en) and Pt(bpy)Cl, where the reported MLCT
(Pt—bpy) transitions are located at 447 and 394 nm,
respectively.” The dicarbonyl complex, Pt(bph)(CO),, also
displayed 7 — & stacking in the solid state, which underwent
optical transitions in the visible region located at 580 nm
attributed to a d;> — p, transition.®

Complexes lacking a diimine ligand (e.g., Pt(bph)(L) {L =
(CH;),S, py, CH;CN, en, CO}) have metal-to-ligand
transitions from platinum to bph located in the 300—380 nm
region.”® In these complexes, the energies of unoccupied
orbitals on L are higher compared to bph, therefore allowing
electron transfer from the platinum center toward bph.
Absorption in the 300 nm region is an over lay of multiple
sources of transitions (Tables 6 and 7). In Figure 9, these are
represented by vertical blue lines. Based on calculations,
MLLCT, LC, and even LLCT have contributions to the
bands in this region. In the case of Pt(bph)(phen), there is
significant overlap between bph orbitals with Pt(d) atomic
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orbital in its charge-transfer band (Metal—Ligand-to-Ligand
Charge Transfer, MLLCT).

The solvent dependence of the MLLCT band shown in
Figure 4 is related to the dipolar nature of the excited state of
the complexes. As shown in Figure 10, plots of Eyyrcr vs Af
(eq 1), where ¢ is the dielectric constant of the solvent while 7
corresponds to solvent refractive index,*® were linear for both
Pt(bph)(bpy) anci 4;)t(bpy) (phen) complexes illustrative of

solvatochromism.™

(e-1)  (*-1)
Af =
| |

(e +1) (45> +2)

According to previous studies, the dipole moments of the
excited states can be estimated from the slopes of the linear
relationship (Figure 10) between Eyy cr and Af as expressed in
eq 2, where 1,,,(0) is the absorption maximum at the gas
phase, h is for Planck’s constant, ¢ is the speed of light, and a
refers to the effective radius of the solvent shell around the
complex, if a is known.*® Here we estimate a from the longest
distance across the Pt(bph)(bpy) and Pt(bph)(phen) mole-
cules from crystal structure data plus van der Waal’s radius for
the terminal hydrogen atoms*® to be approximately 4.0 X 107'°
pm for both Pt(bph)(bpy) and Pt(bph)(phen).

Upnax = Unax(0) — 204> Af /hea’

)

The resulting 4, values determined from the slopes of 27303
C*s>kg 'm™* for the 2,2'-bipyridine complex and 30219
C*s’ kg "'m™ for the phenanthroline derivative were 12.5 D
for Pt(bph)(bpy) and 13.1 D for Pt(bph)(phen). The
phenanthroline complex has higher dipole character compared
to its 2,2'-bipyridine analogue due to its more extended 7-
withdrawing character compared to the 2,2'-bipyridine.

Circular Dichroism. Both Pt(bph)(bpy) and Pt(bph)-
(phen) gave rise to the same chirality in solution. Since the
ligands are not chiral, the chirality must reside in the complexes
themselves. The low symmetry suggests the point group
associated with the complexes in solution is C,, which is an
optically active point group according to group theory.*”
Multiple CD transitions for the same complex as reported
before were observed at charge transfer and d—d transitions.®
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Figure 6. Emission spectra: (a) Pt(bph)(bpy) in butyronitrile (4., = 440 nm), (b) Pt(bph)(bpy) in KBr (4., = 440 nm), and (c) Pt(bph)(phen) in
KBr (A = 447 nm).

Table 5. Orbital Distributions of Pt(bph)(bpy) and
Pt(bph)(phen) from Calculations

Pt(bph) (bpy) Pt(bph) (phen)
energy energy
molecular level Pt bph bpy level Pt  bph phen
orbital (ev) (%) (%) (%) (V) (%) (%) (%)
LUMO+4 -0.27 9 89 2 —0.25 9 89 2
LUMO+3 —0.42 1 0 99 —0.68 1 0 99
(b) LUMO+2 -1.70 1 98 -1.35 2 2 96
Figure 7. X-ray structures: (a) Pt(bph)(bpy) (X-shaped) and (b) LUMO+1 184 2 o7 —261 1 0 29
Pt(bph)(phen) (B-shaped). LUMO -2.70 S 3 92 -2.70 6 3 91
HOMO —4.71 19 80 1 —4.67 19 80 1
o ] HOMO-1 -S41 38 S1 12 —538 38 50 11
Similarly heg%,_g}gle CD effect occurs at absorptions related to HOMO2  —s558 28 71 I _sst4 73 28 N
the complex and can be hnk'ed to the MLLCT band near HOMO3 -559 71 26 2  —$55 19 80
450 nm and d—d transitions buried under the ligand-centered HOMO4  —648 6 26 7 _647 68 26 6

(LC) transitions in the UV region (Figure 9). The metal
centered, MC, d—d transitions in the ultraviolet region are
predicted from theoretical TDDFT calculations (Tables 6 and
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unoccupied molecular orbital.

HOMO-3
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4
4“ “
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- 9 ?

- “‘,
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4 4

LUMO+2

LUMO+3

HOMO-3

LUMO+3

Pt(bph)(phen)
Figure 8. Molecular orbital pictures of Pt(bph)(bpy) and Pt(bph)(phen) where HOMO = highest occupied molecular orbital and LUMO = lowest

Table 6. Calculated Singlet Energy State Transitions for

Pt(bph)(bpy)
12

(™) A(m)  f

17884 559.13 0.0994
20035 499.11 0.0444
24155 413.99 0.0477
30344 329.55 0.0492
33298 300.31 0.0459
36493 274.02 0.2409
39818 251.14 0.4029
40326 24798 0.0876

major orbital
contributions

HOMO-1 - LUMO
(80%)

HOMO — LUMO+2
(87%)

HOMO-1 = LUMO
+1 (86%)

HOMO — LUMO+4
(81%)

HOMO-9 — LUMO
(44%)

HOMO-4 — LUMO
+2 (33%)

HOMO-10 —
LUMO (54%)

HOMO-2 — LUMO
+4 (41%)

HOMO-3 - LUMO
+5 (29%)

HOMO-9 — LUMO
+1 (28%)

HOMO — LUMO+8
(21%)

nature of transition

MLLCT bph, Pt(d)
— bpy
LLCT bph — bpy

MLLCT Pt(d), bph
— bpy
LC z - #* (bph)

MLLCT bph,Pt(d)
— bpy

MLLCT Pt(d),bph
— bpy

MLLCT bph, Pt(d)
— bpy

LC 7 — #* (bph)

MCd — d (Pt)
MLMCT )bph,Pt(d)

— Pt(d
LC = — #* (bph)

7). The strong field dianionic bph ligand is expected to drive up
the energy of the d—d state resulting in high energy absorption

justifying this assignment.
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Table 7. Calculated Singlet Energy State Transitions for

Pt(bph)(phen)
v A
(em™)  (nm)
18595 537
28723 348
30690 326
37804 265
39213 255
39655 252
40490 247
40715 246

0.1365

0.0717

0.0577

0.1156

0.1676

0.2562

0.3147

0.0224

major orbital
contributions

HOMO-1 — LUMO
(45%)

HOMO-2 — LUMO
(36%)

HOMO-2 - LUMO+2
(43%)

HOMO-1 - LUMO+2
(32%)

HOMO — LUMO+4
(69%)

HOMO-11 — LUMO
+1 (51%)

HOMO-11— LUMO
(32%)

HOMO-5 — LUMO+2
(12%)

HOMO-3 - LUMO+4
(44%)

HOMO-2 — LUMO
+8 (17%)

HOMO-3 —» LUMO+4
(17%)

HOMO-4 - LUMO+3
(82%)

nature of transition
MLLCT bph,Pt(d)
— phen

MLLCT bph,Pt(d)
— phen

MLLCT bph,Pt(d)
— phen

MLLCT bph,Pt(d)
— phen

LC = — =* (bph)

LC = — 7* (phen)

LC 7 — 7z* (phen)

LC bph — phen

LC = — #* (bph)

MMLCT Pe(d) —
Pt(d),bph

LC 7 — =* (bph)

MLCT Pt(d) —
phen

Emission Studies. The profiles and location of the energy
manifolds shown in Figure 11 for Pt(bph)(bpy) and Pt(bph)-

dx.doi.org/10.1021/ic301393e | Inorg. Chem. 2013, 52, 596—607
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Figure 9. (a) Experimental and calculated electronic absorption spectra of Pt(bph)(bpy). (b) Experimental and calculated electronic absorption
spectra of Pt(bph)(phen).

Table 8. Assignments of Absorption Spectra (phen) are similar to those associated with *MLLCT emissions
of similar complexes.**>° Also shown in Figure 11 are

experimental” Gaussian bell curve fitting analyses for emission spectra of
complex absorption |assignment | transition assignment Pt(bph) (bPY) and Pt(bph)(phen) which can be used to
Pt(bph) 226 251 LC 7 — 7* (bph) determine vibronic coupling interactions in the glassy state
(bpy) from the peak positions. The spacings between the calculated
258 MLLCT 274 |LC z - 7* (bpy) peaks are 1156 and 1173 cm™ for Pt(bph)(bpy) and 1225 and
289 1149 cm™ for Pt(bph)(phen) consistent with the assignment
440 MLLCT 559 |MLLCT Pt(d),bph — of ring-breathing modes as assigned in the past.*”*°
bpy The short emission lifetimes of 1—3 ns exciting at 457 nm
Pt(bph) 221 were surprising since emission lifetimes reported for platinum
(phen) biphenyl complexes were in the microsecond time domain
238 LC 252 |LC 7 — n* (bph) under similar conditions when complexes were excited near 330
2608 255 |LC 7 — z* (phen) nm." We will address this in a future publication.
447 MLLCT 537 |MLLCT bphPt (d) Solid state emission (Figure 6b,c) was observed in both
— phen complexes with its maxima located at 690 nm for Pt(bph)(bpy)
“Butyronitrile. “Gas phase. and 710 nm for Pt(bph)(phen), respectively. These emission
i energies are much lower compared to the previously observed
23400 emission of [Pt,(u-P,0OsH,),]*", which is at 515 nm.”" A DFT/
| TDDFT study” on ground and excited states of [Pt,(u-
23200 4 P,0H,),]*" revealed that a decay from its triplet excited state
) to the ground state could occur from Pt,Pt, to Pt---Pt, states in
. ) 29
23000 agreement with Krogmann’s model.
g 22800+ B CONCLUSION
‘2’3 | Pt(bph)(bpy) and Pt(bph)(phen) crystallized in the solid state
R HR00 / in two configurations designated as X and B related to the
5 400: / — Pt(bph)(bpy) orientation of the bph and diimine rings. Due to deviations
| s - — Pt(bph)(phen) from square planar geometry, the complexes exhibited chirality
— 7 in solution. Both complexes underwent MLLCT transitions
| . near 440 nm and emission with nanosecond lifetimes at 77 K.
o0 The origin of the emission was *MLLCT for Pt(bph)(bpy) and
0360 0365 0370 0375 0380 0385 0390 0.395 Pt(bph)(phen) with structured emission consistent with ring
A breathing modes. Absorption obtained for the Pt(bph)(bpy)
complex in KBr pellets occurred at 440 nm, but emission was
Figure 10. Least-squares regression plots for Eyyicr vs Af. found near 700 nm due to 7—7 stacking of the complexes

resulting from Pt---Pt interactions in the solid state. DFT
calculations show the LUMO for both systems is located on the
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Figure 11. Emission spectra: (a) Pt(bph)(bpy) in butyronitrile (A, = 440 nm) and (b) Pt(bph)(phen) (1, = 447 nm).

diimine ligand, not on the bph ligand. TDDFT results allow
assignment of the low-energy transition to HOMO-1 —
LUMO for both complexes. Solvatochromism was observed for
both complexes giving rise to excited state dipoles of 12.5 D for
Pt(bph)(bpy) and 13.1 D for Pt(bph)(phen).
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